The increase in blood flow evoked by synaptic activity is essential for normal brain function and underlies functional brain imaging signals. Nitric oxide, a vasodilator released by NMDA receptor activation, is critical for the flow increase, but the factors linking NMDA receptor activity to nitric oxide-dependent hyperemia are poorly understood. Here, we show that tissue plasminogen activator (tPA), a serine protease implicated in NMDA receptor signaling, is required for the flow increase evoked by somatosensory stimulation. tPA acts by facilitating neuronal nitric oxide release, but this effect does not involve enhancement of NMDA currents or the associated intracellular Ca 2؉ rise. Rather, the evidence suggests that tPA controls NMDA-dependent nitric oxide synthesis by influencing the phosphorylation state of neuronal nitric oxide synthase. These findings unveil a previously unrecognized role of tPA in vital homeostatic mechanisms coupling NMDA receptor signaling with nitric oxide synthesis and local cerebral perfusion. calcium ͉ cerebral blood flow ͉ mouse ͉ nitric oxide ͉ phosphorylation T issue plasminogen activator (tPA) is a serine protease best known for its role in intravascular fibrinolysis (1-3). tPA converts plasminogen (plg) into plasmin, a protease that cleaves fibrin and dissolves newly formed clots (2). The ''clot-busting'' properties of tPA have been used successfully in the treatment of myocardial infarction and ischemic stroke (4, 5). In addition to its role in fibrinolysis, tPA has recently emerged as a pleiotropic neuromodulator implicated in various aspects of brain function (6). tPA is stored in neurons and is released in an activity-dependent manner via exocytosis (7, 8) . tPA is involved in neurotransmission, synaptic plasticity, dendritic remodeling, and sympathetic nerve activity, effects related to its ability to influence NMDA receptor function, extracellular matrix integrity, and neurotransmitter release (9-15). In addition, tPA released from endothelial cells modulates cerebrovascular tone and may contribute to the hemodynamic changes induced by brain ischemia and trauma (3, (16) (17) (18) .
The increase in blood flow evoked by synaptic activity is essential for normal brain function and underlies functional brain imaging signals. Nitric oxide, a vasodilator released by NMDA receptor activation, is critical for the flow increase, but the factors linking NMDA receptor activity to nitric oxide-dependent hyperemia are poorly understood. Here, we show that tissue plasminogen activator (tPA), a serine protease implicated in NMDA receptor signaling, is required for the flow increase evoked by somatosensory stimulation. tPA acts by facilitating neuronal nitric oxide release, but this effect does not involve enhancement of NMDA currents or the associated intracellular Ca 2؉ rise. Rather, the evidence suggests that tPA controls NMDA-dependent nitric oxide synthesis by influencing the phosphorylation state of neuronal nitric oxide synthase. These findings unveil a previously unrecognized role of tPA in vital homeostatic mechanisms coupling NMDA receptor signaling with nitric oxide synthesis and local cerebral perfusion. calcium ͉ cerebral blood flow ͉ mouse ͉ nitric oxide ͉ phosphorylation T issue plasminogen activator (tPA) is a serine protease best known for its role in intravascular fibrinolysis (1) (2) (3) . tPA converts plasminogen (plg) into plasmin, a protease that cleaves fibrin and dissolves newly formed clots (2) . The ''clot-busting'' properties of tPA have been used successfully in the treatment of myocardial infarction and ischemic stroke (4, 5) . In addition to its role in fibrinolysis, tPA has recently emerged as a pleiotropic neuromodulator implicated in various aspects of brain function (6) . tPA is stored in neurons and is released in an activity-dependent manner via exocytosis (7, 8) . tPA is involved in neurotransmission, synaptic plasticity, dendritic remodeling, and sympathetic nerve activity, effects related to its ability to influence NMDA receptor function, extracellular matrix integrity, and neurotransmitter release (9) (10) (11) (12) (13) (14) (15) . In addition, tPA released from endothelial cells modulates cerebrovascular tone and may contribute to the hemodynamic changes induced by brain ischemia and trauma (3, (16) (17) (18) .
The vascular effects of tPA and its involvement in synaptic function raise the possibility that this protease also contributes to the neurovascular mechanisms linking brain activity to cerebral blood flow (CBF). The brain lacks energy reserves and its integrity depends on a continuous supply of oxygen and glucose through CBF (19) . Because of such dependence on CBF, the brain is endowed with complex regulatory mechanisms that match local cerebral perfusion to the energy needs of active neurons on a moment-to-moment basis (19) . Thus, an increase in regional brain activity is associated with a rapid and spatially focused increase in CBF, a response termed ''functional hyperemia'' (19, 20) . The close temporal and spatial correspondence between brain activity and CBF constitutes the basis of functional brain imaging techniques that use the local hemodynamic response evoked by neural activity to localize brain function (21) .
The factors driving functional hyperemia are not well understood. Accumulating evidence suggests that the CBF changes are initiated by postsynaptic events triggered by activation of gluta-mate receptors and leading to release of vasoactive agents from neurons and astrocytic endfeet (20, 22) . Although several agents contribute to vascular response evoked by neural activity (19) , a large component of the hyperemia is mediated by NMDA receptors via the release of the potent vasodilator nitric oxide (NO) (23) (24) (25) . Activation of NMDA receptors increases intracellular Ca 2ϩ , which activates neuronal NO synthase (nNOS), a Ca 2ϩ -calmodulin-dependent enzyme associated with the NMDA receptor complex through the scaffolding protein postsynaptic density-95 (PSD-95) (26, 27) . NMDA receptors may influence nNOS activity also by regulating the phosphorylation of this enzyme (28) (29) (30) . However, the factors linking NMDA receptor activity to NO synthesis and to the resulting increase in CBF have not been established.
Considering the prominent role that tPA plays in NMDA receptor signaling (6, 13, 15) , we asked whether tPA participates in the mechanisms of functional hyperemia. We found that tPA is critical for the full expression of the flow increase evoked by activation of the mouse whisker barrel cortex. This effect is mediated by promoting NO synthesis during NMDA receptor activation. tPA does not increase nNOS activity by enhancing NMDA receptor currents and the associated rise in intracellular Ca 2ϩ , but it regulates NO production by influencing the phosphorylation state of nNOS. The findings establish tPA as a key factor in postsynaptic events linking NMDA receptor activation to NO synthesis and functional hyperemia.
Results
tPA Is Required for the Full Expression of Functional Hyperemia. To investigate the role of tPA in functional hyperemia, we examined the CBF increase produced by activation of the whisker barrel cortex in tPA-deficient mice (31) . The facial whiskers were mechanically stimulated in anesthetized mice in which CBF was monitored in the contralateral whisker barrel cortex by laser Doppler flowmetry (32, 33) . We found that the CBF increase evoked by whisker stimulation is markedly attenuated in tPA Ϫ/Ϫ compared with wild-type mice ( Fig. 1 a and b) . Such attenuation was not a consequence of a generalized reduction of cerebrovascular reactivity because the CBF increase produced by the NO donor S-nitroso-D-penicillamine (SNAP) or by adenosine, agents that directly relax vascular smooth muscles, was not reduced [supporting information (SI) Fig. 6 a and b] . Similarly, the increase in CBF produced by systemic hypercapnia, a potent vasoactive stimulus, was not attenuated in tPA Ϫ/Ϫ mice (SI Fig.  6c ). tPA is also released from endothelial cells and can produce vasodilation (16, 18) . However, the CBF increase produced by neocortical application of the endothelium-dependent vasodilators acetylcholine, bradykinin, or the Ca 2ϩ ionophore A23187 was not reduced in tPA-null mice (SI Fig. 6 d-f ), excluding a participation of tPA in endothelium-dependent vasodilation. Thus, tPA is involved specifically in the hemodynamic response initiated by neural activity.
To confirm that the reduction in functional hyperemia is caused by tPA deficiency, we examined whether exogenous tPA could rescue the CBF response to somatosensory activation in tPA Ϫ/Ϫ mice. Topical neocortical application of recombinant tPA (rtPA) did not affect cerebrovascular responses in tPA ϩ/ϩ mice ( Fig. 1c and SI Fig. 7 a-c), but it fully reestablished the increase in CBF evoked by whisker stimulation in tPA Ϫ/Ϫ mice ( Fig. 1c ). rtPA did not alter resting CBF and the increase in CBF produced by acetylcholine or adenosine in tPA Ϫ/Ϫ mice (SI Fig.  7 a-c), ruling out that the rescue of functional hyperemia was the results of a nonspecific enhancement of vascular reactivity. To provide further evidence that endogenous tPA is involved in functional hyperemia and to rule out confounding compensatory changes in tPA Ϫ/Ϫ mice, we examined the effect of the plg activator inhibitor-1 (PAI-1), an endogenous inhibitor of tPA (2) . In wild-type mice, neocortical superfusion with PAI-1 attenuated the CBF increase produced by whisker stimulation without affecting resting CBF or the CBF response to acetylcholine or adenosine ( Fig. 1d and SI Fig. 7 d-f ). Furthermore, PAI-1 did not attenuate functional hyperemia in tPA Ϫ/Ϫ mice, attesting to the specificity of its action (Fig. 1d ). These data with PAI-1, in concert with the findings in tPA-null mice, demonstrate that tPA is essential for the full expression of the increase in CBF evoked by neural activity.
The Effect of tPA Is Independent of Plasmin and Cannot Be Attributed
to Modulation of Neural Activity. Some of the effects of tPA are mediated by the protease plasmin, the main product of tPA proteolytic activity (1, 6) . To examine whether plasmin is involved in the effect of tPA on functional hyperemia, we used mice lacking plg (34) . We found that the increase in CBF produced by whisker stimulation, and other cerebrovascular responses as well, are not attenuated in plg Ϫ/Ϫ mice ( Fig. 1 a and b and SI Fig. 6 a-f). Furthermore, tPA could contribute to functional hyperemia by enhancing the neural activity evoked by whisker stimulation. To examine this possibility we recorded spontaneous and evoked neural activity in wild-type and tPAnull mice. We found that the amplitude and frequency distribution of the electrocorticogram and the amplitude of the somatosensory field potentials produced by activation of the whisker pad do not differ between tPA ϩ/ϩ and tPA Ϫ/Ϫ mice ( Fig.  2 a-d) . Therefore, tPA does not contribute to functional hyperemia by activating plg or by modulating the neural activity evoked by whisker stimulation.
tPA Is Involved Only in the Increase in CBF Triggered by Activation of NMDA Receptors. Functional hyperemia in the neocortex depends in large part on activation of NMDA receptors (23, 35) . Because tPA can modulate NMDA receptor function (6, 13, 15) , we asked whether the effect of tPA on the hyperemic response depends on NMDA receptors. We reasoned that, if tPA acts through NMDA receptors, then its effect on functional hyperemia should be prevented by the NMDA receptor inhibitor MK801. We found that MK801 attenuates the CBF response induced by whisker stimulation in tPA ϩ/ϩ mice but not in tPA Ϫ/Ϫ mice (Fig. 3a) . In contrast, the sodium channel blocker tetrodotoxin (TTX) attenuated the CBF response in tPA-null mice ( Fig. 3a) , without altering resting CBF or other cerebrovascular responses (SI Fig.  8 a-c). Thus, the lack of effect of MK801 in tPA nulls is not due to the fact that the response is already maximally reduced. However, the data with MK801 do not demonstrate a direct link between tPA and NMDA receptors. To investigate more directly the role of tPA on NMDA-dependent hyperemia, we examined the cerebrovascular effects of neocortical application of NMDA. The increase in CBF produced by topical NMDA was markedly attenuated in tPA Ϫ/Ϫ mice (Fig. 3b ), whereas responses to AMPA ( Fig. 3c ) and kainate (SI Fig. 8d ) were not reduced. Thus, tPA is exclusively involved in the component of the increase in CBF mediated by activation of NMDA receptors.
tPA Modulates the NO Release Elicited by Activation of NMDA Receptors. The hyperemia evoked by NMDA receptor activation is mediated by NO produced by nNOS (36) (37) (38) . Therefore, we tested the hypothesis that tPA contributes to functional hyper- emia by promoting NO synthesis from nNOS linked to postsynaptic NMDA receptors. In the postsynaptic density, the NR2 subunit of the NMDA receptor is linked to nNOS through the PSD-95/Discs large/zona occludens-1 (PDZ) domains of the scaffolding protein PSD-95 (39) . Disruption of the link between NR2B and PSD-95 uncouples NMDA receptor activity from NO production without altering NMDA currents and the related increase in intracellular Ca 2ϩ (40, 41) . To determine whether tPA is involved in the component of functional hyperemia mediated by postsynaptic NMDA receptors linked to nNOS, we used a cell-permeable peptide inhibitor (NR2B9c) (41, 42) . This peptide binds to the PDZ domain of NR2B and disrupts its association with the PSD-95-nNOS complex (41, 42) . First, we established whether the increase in CBF evoked by neural activity depends on the NMDA receptor-nNOS complex via PSD-95. Pretreatment of the cranial window with NR2B9c, but not with a control peptide not interacting with NR2B (scNR2B9c) (42) , attenuated the increase in CBF produced by whisker stimulation (Fig. 3d ), without affecting resting CBF and other cerebrovascular responses (SI Fig. 9 a-c). Thus, disruption of the link between NMDA receptors and nNOS attenuates functional hyperemia, indicating a specific involvement of postsynaptic NMDA receptors and excluding the participation of NMDA receptors on other cells. Next, we tested whether the association between the NMDA receptor and nNOS is needed for the effects of tPA on functional hyperemia. If so, the peptide inhibitor should prevent the rescue of the CBF response by exogenous tPA in tPA Ϫ/Ϫ mice. In agreement with this prediction, rtPA failed to reconstitute the response to whisker stimulation in tPA-null mice treated with NR2B9c, but not in null mice treated with the inactive peptide scNR2B9c (Fig. 3d ). These findings suggest that disruption of the interaction between the NMDA receptor and nNOS prevents the action of tPA on functional hyperemia. To examine more directly whether tPA is involved in nNOS-dependent NO synthesis, we studied the effect of tPA on NO release in cortical neuronal cultures by using NO-sensitive microelectrodes. In wild-type cultures, NMDA induced a dose-dependent increase in the NO signal that was blocked by MK801 and markedly attenuated by the NOS inhibitor L-NNA, attesting to the validity of the measurement (SI Fig.  10 a-c). Such NO release was not affected by rtPA, but was attenuated by PAI-1 (Fig. 4a ). In tPA-null cultures, the NO release produced by NMDA was attenuated, but it was augmented by rtPA, an effect blocked by PAI-1 (Fig. 4a ). These observations, collectively, indicate that tPA modulates the NO release produced by activation of NMDA receptors.
tPA Does Not Influence NMDA-Induced Currents and Intracellular Ca 2؉
Rise. tPA could facilitate NO synthesis by augmenting NMDA receptor currents and the resulting rise in intracellular Ca 2ϩ (13) . Such enhanced increase in Ca 2ϩ , in turn, would lead to greater activation of nNOS, a Ca 2ϩ -calmodulin-dependent enzyme. To test this hypothesis, we examined NMDA receptor currents in neuronal cultures from wild-type and tPA-null mice. Surprisingly, the currents evoked by NMDA were larger in tPA-null neurons, not smaller as predicted (Fig. 4b) . rtPA slightly enhanced the current in wild-type cultures, but had no effect in tPA-null cultures (Fig. 4b) . We then used the Ca 2ϩ indicator fura-2 to examine the changes in cytoplasmic free Ca 2ϩ produced by NMDA. Like NMDA currents, the increase in intracellular Ca 2ϩ induced by NMDA was larger in tPA-null neurons and was not altered by rtPA (Fig. 4c ). Such enhancement of NMDA currents and Ca 2ϩ increase may reflect compensatory changes resulting from lack of tPA. Therefore, tPA does not promote NO synthesis by enhancing the intracellular Ca 2ϩ rise evoked by NMDA receptor activation.
tPA Is Required for NMDA Receptor-Induced nNOS Phosphorylation.
The observation that the effect of tPA on NO release is independent of NMDA receptor currents and intracellular Ca 2ϩ , raises the possibility that tPA regulates the coupling between NMDA receptors and nNOS. Phosphorylation of nNOS has emerged as an important regulator of its enzymatic activity (28, 30) . In particular, glutamatergic stimulation of cultured cortical neurons results in a NMDA receptor-dependent increase in nNOS phosphorylation, which is associated with heightened enzymatic activity (30) . Therefore, we used cortical neuronal cultures to investigate whether tPA influences nNOS phosphorylation. In the resting state, nNOS phosphorylation was reduced in wild-type neurons pretreated with PAI-1 (1 g/ml) (Ϫ37 Ϯ 7%; P Ͻ 0.05; n ϭ 4) ( Fig. 5 ). After treatment with NMDA, wild-type neurons displayed an increase in nNOS phosphorylation compared with untreated controls (ϩ29 Ϯ 5%; P Ͻ 0.05).
In contrast, NMDA failed to increase nNOS phosphorylation in PAI-1-treated neurons (P Ͼ 0.05 from control) ( Fig. 5 ). Similar results were obtained with tPA-null cultures (Fig. 5 ). Considering that NMDA-induced nNOS phosphorylation increases nNOS activity (30) , these results suggest that the effect of tPA on the NO release induced by NMDA ( Fig. 4a ) involves modulation of nNOS phosphorylation in the resting state and during NMDA receptor activation.
Discussion
We have demonstrated that tPA is essential for the increase in CBF evoked by neural activity, but not for the hyperemic response produced by other vasoactive stimuli. In particular, tPA is selectively involved in the NMDA-dependent component of functional hyperemia, an effect mediated by enhancing the coupling between NMDA receptor activity and synthesis of neuronal NO. The effect of tPA could not be accounted for by an increase in Ca 2ϩ fluxes through the NMDA receptor (13), because NMDA currents and the associated rise in intracellular Ca 2ϩ are not attenuated in tPA-null neurons. Rather, tPA enables NMDA-dependent NO production by influencing the phosphorylation state of nNOS and leading to increased enzymatic activity. These findings, collectively, support the hypoth-esis that tPA regulates the coupling between NMDA receptor activation and NO-dependent functional hyperemia by modulating nNOS phosphorylation. nNOS-derived NO could contribute to the increase in CBF by acting directly on local arterioles or by evoking the release of vasoactive mediators from astrocytes (22) . The NMDA receptor is structurally and functionally linked to nNOS via PSD-95 (27, 43) . This ternary complex enables nNOS to be efficiently and selectively activated by the influx of calcium through the NMDA receptor. Phosphorylation constitutes an important regulatory mechanism for nNOS activity (28, 30) . In agreement with previous results (30) , we found that nNOS phosphorylation is rapidly increased after NMDA receptor activation. However, in the absence of tPA or after pretreatment with PAI-1, NMDA-induced nNOS phosphorylation is not as pronounced as in control neurons. Furthermore, we found that tPA also exerts an influence on basal NOS phosphorylation. Given that NMDA-induced NO synthesis is reduced in tPA-null neurons or in PAI-1-treated wild-type neurons, our results support a role for tPA in the NMDA-induced phosphorylation of nNOS, and, consequently, in the regulation of nNOS catalytic activity during postsynaptic NMDA receptor activation.
Although tPA has been strongly implicated in the modulation of NMDA receptor function, the underlying mechanisms remain unclear (6) . tPA is stored in synaptic secretory vesicles and is released into the extracellular space in response to neuronal depolarization (7) . Astrocytes are also a source of tPA (6) . Extracellularly released tPA has been shown to interact directly with the NMDA receptor (13, 15) . Such interaction could modulate downstream kinases and phosphatases that regulate nNOS activity via phosphorylation (30) . The major kinases and phosphatases involved in NMDA-induced nNOS phosphorylation include protein phosphatase 1, calcineurin, Ca 2ϩ -calmodulin kinase II, and Akt (30) . Their role in the effects of tPA will be addressed in future studies. tPA could also interact with the lipoprotein receptor-related protein 1 (LRP-1), which is linked with PSD-95 and can modulate NMDA receptor signaling through activation of protein kinase A (44) . Whatever the interaction between tPA and the NMDA receptor, our data suggest that regulation of nNOS phosphorylation is involved in the effect of tPA on NO production.
The NMDA receptor is essential for normal brain function, and NO is a critical link in its signaling pathways (45, 46) . Our findings demonstrate that tPA is a key regulator of the coupling between NMDA receptor activity and NO synthesis and, as such, is indispensable for the normal functions of the NMDA receptor. This conclusion is supported by the findings that both tPA and NO are involved in processes mediated by NMDA receptors, such as synaptic plasticity (10, 14, 47, 48) and, as shown here, functional hyperemia. In diseases associated with excessive glutamate release, overactivation of the NMDA receptor leads to the synthesis of toxic levels of NO, which contribute to neurotoxicity (49) . Therefore, the present data also suggest that the well established participation of tPA in neurotoxicity (50, 51) may involve the link between NMDA receptors and nNOS, a hypothesis supported by recent findings in a model of excitotoxic brain injury (52) .
The finding that tPA modulates functional hyperemia raises the possibility that tPA deficiency contributes to the alterations in neurovascular coupling that occur in brain pathologies such as ischemic stroke or Alzheimer's disease (AD) (19) . Stroke leads to a profound alteration in neurovascular coupling in the acute phase after the ischemic event, which worsens cerebral perfusion and may contribute to brain damage in the ischemic penumbra (53) . Considering that cerebral ischemia reduces tPA (54) , our data suggest that such reduction could play a role in postischemic neurovascular dysregulation. Furthermore, recent evidence indicates that cerebro- vascular dysfunction contributes to the pathogenesis of AD (19) . Functional hyperemia is attenuated both in mouse models of AD and in AD patients (19, 32) . These cerebrovascular alterations occur early in the course of the disease, suggesting a pathogenic role in the development of the cognitive deficits (19) . Our data suggest that a deficiency in tPA activity, which has been observed in mouse models of AD (55), could play a role in these neurovascular alterations. Reduced tPA expression and activity in AD could down-regulate NMDA-induced NO synthesis and mediate the attenuation in functional hyperemia and other deficits of NMDA receptor function observed in the disease. Therefore, the link between tPA and NMDA receptor-induced NO release may be crucial not only for its role in the delicate balance between brain activity and cerebral blood supply, but also for the brain dysfunction resulting from the dysregulation of this critical homeostatic mechanism.
Methods
Mice. All procedures were approved by the Institutional Animal Care and Use Committee of Weill Cornell Medical College. Studies were conducted in C57BL/6J mice (The Jackson Laboratory) and in mice lacking tPA or plg (31, 34) . Null mice were backcrossed to the C57BL/6J strain for at least nine generations and were obtained from in-house colonies. All mice were 2-3 months of age.
General Surgical Procedures. Mice were anesthetized with isoflurane (maintenance, 2%), intubated, and artificially ventilated (SAR-830; CWE) (32, 33) . The femoral vessels were cannulated for recording of arterial pressure, and blood sample collection. Rectal temperature was maintained at 37°C. After surgery, isoflurane was gradually discontinued and anesthesia was maintained with urethane (750 mg/kg, i.p.) and ␣-chloralose (50 mg/kg, i.p.) (32, 33) .
CBF and Cerebrovascular Reactivity. The parietal cortex was exposed (2 ϫ 2 mm), the dura was removed, and the site was superfused with a modified Ringer's solution (37°C; pH 7.3-7.4) (32, 33) . CBF was monitored in the window by using a laser Doppler flowmeter (Vasamedic), which detects microvascular blood flow in a 1-mm 3 tissue volume (56) . The outputs of the flowmeter and blood pressure transducer were connected to a computerized data acquisition system (MacLab). CBF was expressed as percent increase relative to the resting level (32, 33) . Experiments were started when arterial pressure and blood gases were in a steady state (mean arterial pressure, 80 -90 mmHg; pCO 2, 32-35 mmHg; pO 2, 120 -140 mmHg; pH 7.3-7.4). The cranial window was first superfused with a modified Ringer's solution (32, 33) , and CBF responses to whisker stimulation were recorded. The whiskers were gently stroked for 60 s with a cotton-tipped applicator. In some mice, acetylcholine (10 M; Sigma), bradykinin (50 M; Sigma), the calcium ionophore A23187 (3 M; Sigma), NMDA (10 -80 M; Sigma), AMPA (2-20 M), or kainate (2-20 M) was topically superfused on the cranial window. CBF responses to the NO donor SNAP (50 M; Sigma) and to the NO-independent vasodilator adenosine (400 M; Sigma) were also tested. In other experiments, CBF responses were tested before and 30 min after superfusion of the cranial window with MK801 (10 M), rtPA (20 g/ml), or PAI-1 (1 g/ml). The efficacy of the penetration of tPA into the neocortex was confirmed by using in situ zymography (SI Fig. 11 ). In studies in which the tat-conjugated peptide NR2B9c (NH 2-YGRKKRRQR-RRKLSSIESDV-CONH 2; BIO-SYNTHESIS) or a mutated version that does not interact with NR2 (scNR2B9c) (NH 2-YGRKKRRQRRRSVDSSIELK-CONH2) were studied, CBF responses were tested before and 30 min after topical superfusion with the peptide (1 M). Brain penetration of the peptide was verified by superfusion with NR2B9c carrying a fluorescent tag (data not shown).
Electrocorticogram and Field Potentials. Mice were anesthetized and surgically prepared as described above. The electrocorticogram was recorded by using bipolar recording electrodes positioned stereotaxically on the left somatosensory cortex (3 mm lateral and 1.5 mm caudal to bregma; depth of 0.6 mm) (57) . The electrocorticogram was recorded for five epochs each lasting 5 min and separated by a 20-min interval. The timing of the recordings relative to the administration of anesthesia was identical for all animals. Signals were amplified, digitized, and stored (PowerLab; AD Instruments). Spectral analysis of the EEG was performed by using a software module embedded in PowerLab. Field potentials were recorded by using an electrode placed in the somatosensory cortex contralateral to the activated whiskers. The somatosensory cortex was activated by electrical stimulation of the whisker pad (2 V; 0.5 Hz; pulse duration, 1 ms). Analyses were performed on the average of 10 stimulation trials (33) . 2؉ . Cytoplasmic free Ca 2ϩ was measured by using fura-2 as indicator (Molecular Probes), as previously described (58) . Mixed neocortical cultures (days in vitro 11-13) from 16-to 17-day-old mouse embryos seeded on polyornithine-coated glass coverslips were loaded with the dye (2 M) added directly to the culture medium for 45 min at 37°C (59) . Coverslips were mounted in a perfusion chamber and placed on a heated (30°C) microscope stage. Images were acquired on a Nikon inverted microscope by using a fluorite oil-immersion lens (Nikon CF UV-F X40; N.A., 1.3). Fura-2 was alternately excited through narrow bandpass filters (340 Ϯ 7.5 and 380 Ϯ 10 nm). An intensified CCD camera (Retiga ExI) recorded the fluorescence emitted by the indicator (510 Ϯ 40 nm). Fluorescent images were digitized and backgrounds were subtracted. Eight to 20 neurons, identified by morphological criteria and by their response to NMDA, were simultaneously recorded in a randomly selected field. Fluorescence measurements were obtained from cell somata, and ratios were calculated for each pixel by using a standard formula (58) . Results were expressed as 340/380-nm ratio. NMDA (30 M) was superfused for 5 min and then washed away.
Assessment of Cytoplasmic Ca
NO Electrode. Amperometric detection of NO release from neuronal cultures was performed by using an Apollo 4000 Analyzer equipped with an NOsensitive electrode (tip diameter, 0.1 M; ISO-NOPNM; World Precision Instruments). The NO detection limit of the electrode is 0.5 nM with a response Ͻ3 s. After calibration of the electrode with the NO donor SNAP, NO release triggered by NMDA in cultured cortical neurons was measured. Cultures were perfused with Mg 2ϩ -free Hepes extracellular buffer at room temperature. Perfusion of the extracellular buffer was discontinued, and the tip of the electrode was placed close to the neurons. After stabilization of basal NO levels, NMDA (30 M) was applied to the extracellular buffer and the release of NO from the neurons was monitored for at least 12 min. After the wash, NO release returned to baseline, and neurons were treated with tPA (20 g/ml) or tPA plus PAI-1 (1 g/ml) for 10 min. Then, the effects of NMDA application were retested in the same group of neurons. The data were digitally acquired and stored for off-line analysis.
Measurement of NMDA Currents. Whole-cell patch-clamp recordings were conducted at room temperature (22-25°C) in the same cultures used for NO release and fura-2 studies by using an Axopatch 200A amplifier (Axon Instruments) as previously described (58) . For NMDA current recordings, the extracellular solution also contained tetrodotoxin (1 M), nifedipine (1 M), and 6-cyano-7-nitroquinoxaline-2,3-dione (10 M). The pClamp 8.01 system (Axon) was used for data acquisition and analysis. NMDA-elicited inward currents were induced from the holding potential of Ϫ60 mV, close to the physiological resting potential level. The NMDA current was induced by NMDA (30 M), and its pure inward peak current was determined by subtracting the background current recorded in the absence of the ligand or drugs. The ratio of currents was recorded with and without drugs as a function of time. PAI-1 (1 g/ml) or tPA (20 g/ml) was dissolved in the extracellular solution and superfused for 10 min before testing NMDA currents.
In Situ Zymography. Brains were removed at the time of killing, marked at the site of rtPA superfusion, and frozen at Ϫ80°C (15) . Sections (20 M) were cut through the perfusion site and mounted on microscope slides. A fresh casein gel was prepared with plg (50 g/ml) and overlaid on sections with a coverslip. Overlays were allowed to develop at 37°C in a humidified chamber for 8 h. Zymographic lysis of casein produces a dark zone of tPA activity on a light background when viewed by using dark-field microscopy.
nNOS Phosphorylation. Cultured cortical neurons from wild-type and tPAnull embryos were washed and incubated in assay buffer (130 mM NaCl, 1.8 mM CaCl2, 0.01 mM glycine, 20 mM glucose, 10 mM Hepes, 3 mM KHCO3, pH 7.4) for 30 min at 37°C. Cultures were incubated with [ 32 P]orthophosphate [260 Ci/ml (1 Ci ϭ 37 GBq); GE Healthcare] and with PAI-1 (1 g/ml; ADI) for 30 min at 37°C. After a 5-min incubation with NMDA (30 M), cultures were washed twice and lysed for 20 min on ice in RIPA buffer (150 mM NaCl/50 mM Tris⅐HCl, pH 7.2/1% Triton X-100/1% sodium deoxycholate/ 0.1% SDS) supplemented with protease and phosphatase inhibitor mixture tablets (Roche). Lysates were spun in a microcentrifuge for 10 min at full speed. To immunoprecipitate nNOS, equivalent amounts of supernatant were combined with 1.3 g of anti-nNOS rabbit polyclonal antibody (Biomol), followed by incubation with protein A-Sepharose 4B Fast Flow (Sigma). Beads were washed four times with RIPA buffer and prepared in sample buffer, followed by 7.5% SDS/PAGE. Gels were visualized by autoradiography.
Data Analysis. Data are expressed as mean Ϯ SEM. Two-group comparisons were analyzed by the two-tailed t test. Multiple comparisons were evaluated by ANOVA and Tukey's test, as appropriate. Statistical significance was considered for P Ͻ 0.05.
